Abstract-A simple circuit configuration is described that allows one to characterize the noise of very large value resistors. With this measurement setup, we investigated, at different bias voltages, the low-frequency noise of large value resistors, tens of G range, realized with different technologies. A technique is suggested that allows reducing the low-frequency noise contribution by optimizing the connecting arrangement. A short review of the resistor noise theory is given.
Low-Frequency Noise Characterization of Very Large Value Resistors
imated by carrier transmission across the surfaces of close grains [4] , which behave as mechanical spot contacts. The noise originating inside the grains can be much larger than that present in the bulk material. Also the LF noise in thin metal film can be interpreted with the above model. In this case, a further contribution to the noise can be added by the dielectric substrate when this is present as a support [5] . Thick-film resistors have LF noise that comes also from the granularity of their compound. This contact mechanism shows large LF noise [6] , [7] .
We have investigated and selected a few kinds of large-value resistors and studied their LF noise dependence on the bias voltage. For the characterization, a special circuit configuration has been developed that allows both avoiding microphonism contributions to the noise measurements and getting an accurate transfer function of the setup. Section III of this paper describes this system. In Section IV, measurement results are shown. Resistors are modeled to account for the measured transfer function, and an arrangement of the resistor connection studied to minimize LF noise is suggested. The implemented measurement setup has allowed us to select the load resistor system that will be adopted for the array of 60 bolometers that will be mounted for the experiment CUORICINO [8] , to be located underground.
In the next section, a short summary of the noise theory of large-value resistors is given.
II. RESISTOR NOISE THEORY
When we bias a resistor with a constant current , we observe fluctuations of the voltage following the simple law (1) The root mean square (rms) fluctuation in the frequency domain can be extracted from (1) [ is the power spectrum of the resistor noise] The noise voltage depends on the resistance fluctuations, which, in turn, inversely depend on the carrier concentration and mobility. The number of charges can fluctuate because of trapping-detrapping process from recombination centers present in the bulk or on the surface, or because of tunneling in the oxide, if it is located above the device surface.
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In (4), is the total (not the concentration) number of trapping center, is the total (not the concentration) number of charge carriers, and is a relaxation time constant that depends on the energy of the trap. Equation (4) is based on the approximation . The fluctuating quantity is proportional to the total number of trapping centers, as predicted from Poisson statistics.
When many trapping centers are present, the resulting noise spectrum is given by the superimposition of many spectra of the form given in (4), in the hypothesis that each generation-recombination process is independent from the other. The resulting noise spectrum is [9] (5)
The fluctuating quantity can have different values. An interesting case is when it has the form (6) Equation (6) is the Hooge formula [13] , and is a parameter that takes an average value of 2 10 .
Mobility can fluctuate as well, and its effect can be described by (7) If the mobility fluctuation is limited by the scattering of charge carriers with impurities, (7) takes a form close to (6) [10] , while when the scattering process is dominated by the lattice, it is possible to use an empirical expression similar to (6) , provided that [9] (8)
where is the total mobility while is the lattice mobility. An interesting consideration is that for models where is independent from , we expect the noise voltage to be proportional to 1 , and therefore proportional to , since the dependence of the resistor value on the reciprocal of . On the contrary, when is proportional to , the noise voltage results proportional to 1 and therefore to the resistance value .
So far, we have not yet made any consideration on the possible granular structure of the resistor composition, as it is typical for carbon and thick-film resistors or thin-film metal resistors of very large value.
The electrical characteristics of a grain contact are modeled as in Fig. 1 , where the current is shown to flow orthogonal to the surface of separation between two conductive materials A and B [7] , [11] , [12] . Let us suppose the charge carriers to be forced to cross such a surface of separation, under the application of an electric field, at a circular spot having diameter 2 . Due to this constraint, the electric field close to the spot has a hemispherical shape (Fig. 1) .
The impedance of this small-volume grain is approximated by ( ) if (9) where is the resistivity of the bulk and the average distance between two spots. is therefore given by the series connection of sheets of material having diameter and thickness , orthogonal to the electric field. Each of these sheets of material will be subject to a fluctuation that, using (6), can be written ( ) (10) here is the charge concentration and the volume between two closed hemispheres. Integrating (10) and eliminating the diameter , it results that (11) When the more general formula given by (5) is used, we get, for the case (12) with being a number that accounts for the whole kind of traps, a concentration, and the equivalent resistance that could be obtained if only trap centers were present.
A macroscopic resistor can be approximated by a matrix composed of rows, or rods, of grains put in series and of these rods put in parallel, resulting therefore in a resistance . When a voltage is applied to the resistor, a partition is present in every rod that results in a voltage applied to each grain. Combining (3) and (11) or (12), we obtain that the noise in this macroscopic approximation is (13) Equation (13) says that for optimizing the noise performance, it is much more convenient to realize resistors having a large ratio of length ( ) over width ( ). Indeed, this is a more general property that can be exploited in different ways, as will be shown in the next sections. So far, we have shown that the resistance LF noise depends on the resistor value, which is tied to the technological process. A general expression for describing LF noise is then given by (14) where is a technological parameter, is the bias voltage, is the resistance value, and is a parameter expected close to that in (13) , dependent on the resistance composition (metal film, thin film, bulk, etc.).
It has to be remarked that the application of bias does not generate LF noise, but simply enhances an already present fluctuating mechanism, unless the resistance value has a dependence on the applied field. This last effect was not taken into consideration in the above calculation.
A correlation of the metal film's LF noise with their resistance temperature coefficient [14] , [15] has been observed. Such a behavior is expected to be proportional to , with being the absolute temperature, the heat capacity, and the resistance temperature coefficient. In our tested samples, this effect has not been observed.
III. CIRCUIT CONFIGURATION FOR RESISTOR NOISE MEASUREMENTS
Measuring the LF noise of resistances in the 10-100 G range as a function of the bias voltage is not a simple task. From one side, one would like to dc couple the measurement system to the resistance biased at arbitrary voltages, in order to perform noise analysis down to low frequency. From the other side, care must be taken to minimize microphonism. Moreover, for an accurate noise evaluation accounting for all the parasitic effects, the system transfer function must be known.
We have implemented a very simple circuit, which allows us to obtain very accurate noise measurements. The schematic diagram is shown in Fig. 2 .
Instead of measuring the noise of a single resistor, we measure the noise of two identical resistors . Two dc voltage sources and are connected in a symmetric way with respect to ground and generate the same (absolute) voltage level. These voltages are heavily filtered with the low-pass and . Then the two voltage sources bias the series connection of the two resistors , whose common terminal is connected to the input of the junction field-effect transistor (JFET) , which was selected to have a very small input capacitance (Moxtek MX11CA, pF [16] ). As can be seen from the figure, the arrangement is such that the input of is always 0 V at dc. This has three important effects. While the preamplifier always maintains exactly the same working condition, 0 V at its input, the bias voltage applied to the resistors can be arbitrary. Second, the system is dc coupled; hence maximum sensitivity is obtained in the LF noise. Third, microphonism is minimized since any mechanical fluctuation at the JFET input modulates a negligible voltage level across capacitance .
Another relevant aspect of the adopted configuration concerns the test signal . When the switch is open, the reference for the bias network is grounded by the small 50-resistor ; the noise generated by resistors s, s, can be measured at arbitrary bias voltages ( is the JFET gain, very close to one) (15) If is closed, the test signal can be injected and the system transfer function can be evaluated. The equivalent circuit for the test signal injection is shown in Fig. 3 . At the JFET input, there is a simple voltage partition. Using as a test signal a white noise source, we get the transfer function (16) From the above two equations, the equivalent input voltage noise is given by (17) The input noise voltage is equal to the resistor noise except for the presence of the capacitance that shunts the resistor . To get information on this capacitance, we need a further measurement. This measurement is simply the noise at 0 V bias. In this case, we expect the LF noise to be zero [see (14) ] and to have only the white thermal noise contribution . By imposing this, becomes a two-parameter curve and that can be easily fitted. Once and have been extracted, they can be fixed in all the other measurements made at different biases.
So far, the shot noise of the JFET has been neglected, being extremely low for the selected device. An evaluation of its contribution is given in the following sections.
Actually, the noise source has been modeled with an additional term proportional to the frequency, as will be shown in Section IV-A.
A few different pairs of resistors have been tested for each resistor type. The observed noise was similar. The same result was obtained when some pairs of resistors were interchanged to inspect for any nonuniformity within each pair. The measured differences in the noise properties were contained within less than 10%.
IV. MEASUREMENT RESULTS

A. Thick-Film Resistors and Model Refinement
This work started with the characterization of thick-film surface-mount resistors by Siegert. These resistors are available in both the so-called (and small) 1210 package, 5.08 2.54 mm , and the 2512 package, 10 5.08 mm . They have values ranging from a few M to 100 G . The resistors are able to work down to 80 K, and their temperature stability is good.
Noise characterization of these resistors has permitted the acquisition of a great deal of knowledge on the behavior and noise optimization of large-value resistors.
Let us start to illustrate the measurement results from the three-dimensional plot of Fig. 4 , where the square root of the noise (SRN) of 100-G resistors is shown as a function of the bias voltage. The shown curves are the equivalent noise referred to the input node of the circuit of Fig. 2 and are expected to satisfy (17) . From (17) , a rolloff of 20 dB per decade is foreseen at high frequency for the SRN. From the results of Fig. 4 , and also from the spectra collected for all the other resistor types, the measured rolloff, already inspected [17] , is instead 10 dB per decade. A possible cause for the observed effect is attributed to the distributed nature of this class of resistors. Since when working with large value resistors the presence of a parasitic shunting capacitance must always be considered, one convenient way to account for this effect is to add to the noise an empirical correcting term , proportional to the frequency [18] ( 18) In (18), in addition to the first term , the second term is the LF noise and the last term is the thermal noise, with being the Boltzmann constant, the resistor value, and the absolute temperature. The model of (18) has been used to fit, and is superimposed to, the data of Fig. 4 and all the other spectra that will follow.
At 0-V bias, the measured and expected thermal noise is 44 V/ Hz. This noise is slightly contributed to by shot noise of the JFET leakage current, 0.3 pA. At 11 V of bias, the noise at 1 Hz becomes 282 V/ Hz, coming from LF noise. The parasitic capacitance resulted in about 133 fF. The complete description of the parameters for this measurement and the following sections is given in Table I .
As can be seen in Fig. 4 the LF noise is predominant in the presence of bias. The fits superimposed to the curves of Fig. 4 are obtained according to (17) and (18) . The circles at 1 Hz result from the interpolation of the LF noise with the square of the bias voltage, which demonstrates that the model is adequate.
For all the measured spectra, the following technique has been adopted. Every spectrum is actually a concatenation of five spectra measured for each decade shown. To fully exploit the dynamic of the spectrum analyzer HP35670A, an ac filter (10-Hz rolloff) has been inserted in the measurements taken at frequencies larger than 10 Hz in order to cut off the LF noise contribution that anyway impairs the scale factor selection for high-frequency noise.
Minimization of LF noise is accomplished at small bias voltages, regardless of the experimental needs. To obtain both low noise and large bias, we have introduced a very simple technique. Instead of using a single resistor of value , that is, the target value, we used a series connection of resistors of value . Although the total bias voltage remains unchanged, we have only a bias across each resistor. The total noise of the series reduces to (19) namely, the LF noise is reduced by a factor . differs from of (17) only because of the different distribution of the parasitic shunting capacitances and has no influence on the overall performance.
The result obtained is shown in Fig. 5 , where the noise of 100-and 47-G single resistors can be compared with that of a series connection of two 22-and five 10-G resistors, all of the same resistor type, when the bias voltage is 11 V. The LF noise coefficient is smaller by a factor of 21 for the five series resistor of 10 G with respect to the single 47-G resistor, as predicted by (19).
In Fig. 5 , the curve with the circles are the fit at 1 Hz of (19) to the measured data. From this, see Fig. 6 , it was possible to extract a value close to 0.98 for the exponential, as obtained in (13) .
As can be further observed in Fig. 5 , the series resistor connection has an overshot in the equivalent input noise. This overshot can be accounted for if in the resistor signal model the presence of a parasitic capacitance toward ground is also considered (from each terminal of the resistors of the series). The fit of Fig. 5 is based on a simplified, but accurate, two-stage signal model (Fig. 7) . By substituting this model for each resistor in Fig. 2 , the equivalent noise of (17) now takes the form (20) For the spectra of Fig. 5 , the introduced capacitance range from 177 fF for the 5 10 G arrangement down to a negligible level for the single 47-and 100-G resistors. It has to be remarked that is a setup-dependent parasitic capacitance, whereas is dependent on both setup and manufacturing. The technique of putting resistors in series to minimize LF noise can be satisfied also by a single resistor implementation realized with a large length-over-width ratio, as already shown in Section II. We have selected two types of such thick-film resistors. Those from Welwyn are 30-G cylindrical resistors T44D having length of 50.8 mm and diameter of 8.4 mm. As can be seen in Fig. 8 , the T44D resistors have a negligible amount of LF noise up to 22 V of bias, confirming the above theory.
The second type of resistors are by Siegert. They are the HVR 30, with a rectangular shape of 30 6 1 mm . As it can be seen from Fig. 9 these resistors also show a small amount of LF noise up to 22 V bias.
A very interesting observation comes from the LF noise coefficient of the considered long resistors. From Table I , it results that it is a factor of four larger for the shorter resistor. The factor of four is just equal to the square of the ratio of the two lengths, as expected from (19). This is a confirmation that the LF noise mechanism of the selected thick-film resistors is similar, although realized with a different process.
In conclusion, it has been shown that LF noise in resistors can be lowered by putting resistors in series or using resistors with 
B. Metal-Film Resistors
We have tested two kinds of metal-film resistors, obtaining excellent results. The first type of resistor was from Mini-Systems Inc. (MSTF 6SN 25 004F-Z). These are chip resistors of 1.5 1.5 mm area. They consist of a serpentine of NiCr metal on silicon substrate. Their value is limited to 25 M per chip. We have assembled arrays consisting of 30 resistors connected in series, 750 M total. They are extremely stable in temperature and are able to work down to a few mK. We have not observed the presence of LF noise at any bias voltage in the 20 V range, even at temperatures lower than 150 K.
There are two reasons for the obtained performance. First, metal resistors have small LF noise due to the large number of carriers [see (5) ]. Second, the 750-M implemented resistor is given by a combination of a series of many small value resistors; hence (19) applies.
The second type of resistor is from Micro-Ohm (RJ47-2). The selected value was 30 G . The resistors are cylinders having 8.6 mm diameter and 18.5 mm length. They are not able to work at cryogenic temperatures and have shown very low, but measurable, LF noise, as can be seen in Fig. 10 , again confirming the validity of (6).
V. CONCLUSION
An investigation has been made into the noise of large-value resistors. To this aim, a very simple and efficient circuit configuration has been adopted and successfully used. A technique of putting in series resistors, or implementing resistors with a long length-over-width ratio was introduced to reduce low-frequency noise. Table I gives a summary of the main parameters obtained from the measurements of the selected resistors. Data shown in the table prove that it is possible to obtain low LF noise even with thick-film resistors, provided that the series connection technique is adopted. One additional consideration must be taken into account when detector arrays must be equipped: resistor cost is inversely proportional to LF noise.
